In tokamaks, nonaxisymmetric magneticˇeld perturbations (errorˇelds) can induce in plasma locked modes and cause disruption. In ITER, the main contributor to errorˇelds is the assembly and manufacturing errors of the magnet system of the machine. To suppress intrinsic errorˇelds and guarantee the expected plasma performance, ITER is provided with the proper correction coils (CC). The paper is related to optimization of CC currents. The optimization takes into account as constraints both CC current capacities and an allowable level of errorˇelds.
INTRODUCTION
In tokamaks, nonaxisymmetric magneticˇeld perturbations (errorˇelds) with an amplitude as small as 10 −4 of the toroidal magneticˇeld may cause locked modes leading to disruptions [1Ä5] . In ITER, the main contributor to errorˇelds is the assembly and manufacturing errors of the central solenoid (CS), poloidal (PF) and toroidalˇeld (TF) coils, usually considered as positioning errors in the current centreline (CCL) of the coils. The allowable level of errorˇelds is about several Gauss, on a background of much larger toroidal magnetič elds, 5.3 T. Three sets of superconducting correction coils (see Fig. 1 ): six Top CC, six Side CC, six Bottom CC are designed for suppression of intrinsic errorˇelds [6] . Within each set, the toroidally opposed coils are connected electrically in antiseries to provide suppression of errorˇelds modes with the toroidal number n = 1. Each set of CC has three independent The baseline set of the coil tolerances [7] is given in the left columns of Tables 1Ä3. They result in 670 independent degrees of freedom (DOF) in position and shape of the CCL of the tokamak main magnets. The TF coil manufacturing and assembly errors come from: 1) winding pack (WP) manufacture, 2) WP insertion in the case, and 3) assembling of eighteen TF coils around the vertical axis of the machine. These errors can be considered separately as follows:
• A set of seven reference points marked by ABCDEFG (Fig. 2) is used for checking position and shape of the CCL of the TF coils with indirect methods. Shifts in X, Y , and Z directions of these points (21 DOF per coil) deˇne the WP errors.
• On insertion of the winding pack in the coil case it may be shifted or tilted as a rigid body (6 DOF per coil).
• The assembly errors are considered to be in the form of rigid body displacement and/or rotation of the TF coil case (6 DOF per coil) around the vertical axis of the machine. In the errorˇeld analysis, the positioning errors are considered as independent and, therefore, additive. Related errorˇelds caused by given coil tolerances in 670 DOF can be calculated using the Monte Carlo studies.
Taking into account that the tolerances on coil manufacturing and installation may have a trend to increase, the analysis of errorˇelds reported in this paper is based on the set of increased errors in manufacturing and assembly of the coils. This set of increased tolerances proposed for the sensitivity study is given in [8] and summarized in the right columns of Tables 1Ä3.
The analysis of errorˇelds expected from the coils misalignments is statistical and performed commonly in terms of the Fourier harmonics on a given surface in the plasma region [9, 10] . Assessment of the CC currents required for the errorˇelds correction is based on the Fourier transform of the CC correctionˇelds and can be treated as an inverse problem, which, in this case, is ill-conditioned. The problem is solved by using the regularization procedures [11] . Therefore, in calculations, different currents can be obtained using different vector norms (different optimization criteria).
CALCULATION MODEL AND APPROACHES
The ITER magnet system is assumed to have several hundreds of DOF deˇned by the number of possible deviations of the current centrelines of the coils from their ideal positions and shapes. The Monte Carlo calculations enable us to evaluate statistical properties of expected errorˇelds from statistical combinations of individual deviations of coils [12] .
Since the very beginning of the ITER design activity, the ©3-modeª errorˇeld criterion has been used as an allowable level of errorˇelds (the Locked Mode Threshold (LMT) for operation with low plasma density) [5] :
Here, B 3-mode is the weighted averaged amplitude of the (1, 1), (2, 1), and (3, 1) Fourier modes of the component of magneticˇeld, which is normal to the q = 2 magnetic surface of a considered phase of plasma scenario (deˇnition is given in [9] ). The nominal toroidalˇeld is B t0 = 5.3 T at R 0 = 6.2 m. It should be noted, that the second criterion has been also developed for the ITER plasmas on the base of the Ideal Perturbed Equilibrium Code (IPEC) [10] , taken into account the ideal-MHD response of plasmas to magnetic perturbations, not considered in the paper.
The start of attop (SOF) phase of 15MA DT scenario has been used for the analysis as one of the most sensitive to errorˇelds (low plasma density and lack of plasma rotation driven by tangential injection of the neutral beams).
The previous analysis of the CC currents required for the errorˇeld correction was rather conservative [12Ä14]. The CC currents were selected using the statistics of errorˇelds assuming uniform distribution of probability of the relative phases of the three harmonics considered. In turn, the maximum CC currents were found to depend strongly on a phase combination of the modes. This means that a conˇdence level of signiˇcance of the CC currents obtained in [12Ä14] as the maximum for all possible relative phases of the harmonics is higher than the 99.9% conˇdence level of signiˇcance of B 3-mode , deˇned by Eq. (1).
A more optimistic assessment of the required CC currents can be obtained by using a statistics of the CC currents themselves additionally to that of errorˇelds. This requires a calculation of the CC currents for each obtained statistical combination of the individual positioning errors of the coils from a sample of 1,000,000Ä10,000,000 random trials. Note, that such a statistics is simpler for analysis, because a randomized variable, a current, is one-dimensional.
Such calculations have been carried out. A set of coil increased tolerances speciˇed in [8] has been used for the calculations. The coils deviations have been assumed to be uniformly distributed within the tolerance limits given in Tables 1Ä3. The simulated probability distributions of the amplitudes of the (1, 1), (2, 1) , and (3, 1) modes are closed to the Rayleigh distribution.
The maximum amplitude of the ©3-modeª errorˇeld, expected from misalignments of the TF, CS, and PF coils for the speciˇed set of tolerances, has been estimated as 
As seen, the currents in the Bottom CC exceed their capacity.
Statistical properties of the CC currents required to suppress the errorˇelds to the threshold value are shown in Figs. 3 and 4 . In this analysis, the errorˇeld amplitudes and the relative phases of the three modes are not independent parameters.
The results of optimization shown in Fig. 3 , aÄc correspond to the minimum norm solution using the root-mean-square norm of currents (2) . The CC currents required for reduction of B 3-mode /B t0 from 19.86 · 10 −5 to 5 · 10 −5 , with the 99.9% probability, do not exceed 171 kAt in the Top CC, 80 kAt in the Side CC, and 222 kAt in the Bottom CC.
Note, that the upper engineering limits on the CC currents can be included as constraints on optimization of the current values. In particular, the results show a potential possibility of current redistribution among the three sets of CC within their current capacities while meeting the LMT criterion. Fig. 3 . Probability distributions of the CC currents (a), integrated probability of required currents (b), and required currents in the Bottom CC (c). 1 Å Top CC; 2 Å Side CC; 3 Å Bottom CC. SOF conditions, 670 DOF, increased tolerances, 1,000,000 statistical events. Root-mean-square norm (2) Fig. 4 . Probability distributions of the CC currents (a), integrated probability of required currents (b), and required currents in the Bottom CC (c). 1 Å Top CC; 2 Å Side CC; 3 Å Bottom CC. SOF conditions, 670 DOF, increased tolerances, 1,000,000 statistical events. Norm of the lowest of a set of maximum currents (3) The results of optimization shown in Fig. 4 , aÄc correspond to the minimum norm solution using the vector norm of the lowest of a set of maximum current values:
However, in this case, 179 kAt will require in all CC. As seen, the maximal CC currents retain constant with increasing the volume of random samples from 1,000,000 to 10,000,000 statistical events, that demonstrates a reliability of the statistical estimates of the CC currents. The maximum value of the ©3-modeª errorˇeld slightly increases from 19.86 · 10 −5 at 1,000,000 events to 20.82 · 10 −5 at 10,000,000 events.
For comparison, the currents required in the Bottom CC for errorˇeld correction with the 99.9% conˇdence assuming the baseline set of the coil tolerances [7] (Tables 1Ä3) were given in [14] . The maximum amplitude of the ©3-modeª errorˇeld, expected from misalignments of the TF, CS, and PF coils for the speciˇed set of tolerances, has been estimated as B 3-mode /B t0 = 12.56 · 10 −5 with the 99.9% probability for 1,000,000 statistical events. With the conˇdence of 99.9%, these errorˇelds can be corrected to 5 · 10 −5 with the currents within 132 kAt in the Top CC, 60 kAt in the Side CC, and 164 kAt in the Bottom CC, if the optimization criterion (2) is used. Using the optimization criterion (3), similar correction can be performed within 130 kAt currents. However, in this case, 130 kAt will require in all CC. The CC currents required for reduction of B 3-mode /B t0 from 19.86 · 10 −5 (1,000,000 events) to 5 · 10 −5 , with the 99.9% probability, do not exceed 179 kAt in all correction coils.
CONCLUSION
The study of the errorˇelds expected from the TF, CS, and PF coil misalignments, as well as the analysis of the currents in CC required for the errorˇelds reduction below the ©3-modeª criterion, have been performed on the basis of the Monte Carlo simulations.
The transition from the errorˇeld statistics to that of the CC currents allows us to improve the accuracy of probabilistic analysis of the currents required for the errorˇeld correction.
The following results were obtained for the baseline set of the coil tolerances [7] and with the set of increased tolerances [8] for the 15MA plasma at the SOF.
Baseline Set of Tolerances. With the probability of 99.9%, the amplitude of the ©3-modeª errorˇeld, expected from coil misalignments, is less than 12.56 · 10 −5 . With the conˇdence of 99.9%, the errorˇeld can be corrected to 5 · 10 −5 by the currents within 132 kAt in the Top CC, 60 kAt in the Side CC, and 164 kAt in the Bottom CC, if the optimization criterion (2) is used. Using the optimization criterion (3), similar correction can be performed by the currents in all coils within 130 kAt. However, in this case, 130 kAt will require in all CC.
Set of Increased Tolerances. With the probability of 99.9%, the amplitude of the ©3-modeª errorˇeld, expected from coil misalignments, is less than 13.06 · 10 −5 . With the conˇdence of 99.9%, this errorˇeld can be corrected to 5 · 10 −5 with the currents within 171 kAt in the Top CC, 80 kAt in the Side CC, and 222 kAt in the Bottom CC, if the optimization criterion (2) is used. Using the optimization criterion (3), similar correction can be performed by the currents in all coils within 179 kAt. However, in this case, 179 kAt will require in all CC.
